By using a two-dimensional ensemble Monte Carlo method, we have studied the terahertz-frequency response of a self-switching device ͑SSD͒, which is a semiconductor rectifier consisting of an asymmetric nanochannel. The simulations reveal that the performance can be improved by adjusting the shape and dielectric material filling of the insulating trenches that define the SSD. We show that the rectified current of the SSD has a nonmonotonic frequency dependence with a pronounced peak occurring just below the cutoff frequency. Through optimizations of the geometry, the peak current can reach twice that at low frequencies, enabling not only a higher detection sensitivity but also a degree of frequency selectivity. The effect is discussed in terms of a localized surface plasma oscillation in the asymmetric nanostructure.
I. INTRODUCTION
In recent years, terahertz technology has attracted rapidly increasing attentions due to a broad range of potential applications. 1 Current terahertz systems are generally bulky, expensive, and/or require cryogenic cooling. One of the key challenges in this frequency region is hence to develop solidstate, compact, room-temperature emitters and detectors. 2 With the rapid progress of nanotechnology in the past decades, a number of nanodevices based on nanoscale physical effects have been demonstrated, some of which are promising for terahertz applications. 3 Energy quantization in nanometer-thick semiconductor layers in the so-called quantum cascade laser has been harnessed for terahertz emissions. 4 Resonant tunneling diodes were shown to provide emissions over 1 THz. 5 Bloch oscillations in semiconductor superlattices were studied to aim at producing coherent terahertz radiations. 6 Plasma instability in nanometer field-effect transistors ͑FETs͒ was also investigated for both detection and emission of terahertz waves. 7 Apart from those vertical nanostructures, experiments on planar devices were also carried out. Planar rectifying devices that are based on ballistic electron transport 3 have been demonstrated to work at room temperature and at least tens of gigahertz, 8 whereas theoretical work predicted operations at terahertz frequencies. 9 Recently, a planar nonlinear nanometer-scale device, called self-switching diode ͑SSD͒, was demonstrated based on a semiconductor nanochannel with a broken geometric symmetry. 10, 11 Although the currentvoltage ͑I-V͒ characteristic of the SSD is similar to that of a p-n or Schottky barrier diode, it does not rely on any doping junction or tunneling barrier. As such, the SSD can be made to have a predetermined threshold voltage from virtually zero to more than 10 V by simply adjusting the nanochannel width. There has been a theoretical work to further study the device operations of SSDs. Åberg et al. 12 developed an analytical model based on the approximation of a SSD as a FET with its gate grounded to the drain electrode. A more sophisticated model was also developed by using a self-consistent ensemble Monte Carlo ͑EMC͒ method, which enabled the studies of the detailed electron transport inside the nanochannel of the SSD. 13, 14 In this work, we perform Monte Carlo simulations to focus on the frequency-dependent and time-dependent responses of the SSD under different structural parameters. The frequency-dependent simulations show that the rectified current and cutoff frequency of the device can be improved by adjusting the shape and dielectric material filling of the insulating trenches that define the nanochannel of the SSD. Unlike conventional semiconductor rectifiers whose performances typically monotonously deteriorate with the increase of frequency, we show that there is a peak in the response just below the cutoff frequency. Under a simple optimization of the device geometry, the maximum rectified current can be twice that at low frequencies. Moreover, the rectified current may change sign at frequencies higher than the cutoff frequency. Those properties are further studied by examining the time dependence of a number of physical quantities in the SSD structure, and the effects are discussed in terms of a localized surface plasma ͑LSP͒ oscillation excited by longitudinal electrostatic perturbations at the semiconductorinsulator interfaces.
The paper is structured as follows. In Sec. II, the structure of the SSD and the EMC model are described. In Sec. III, SSDs with trenches filled with materials of different dielectric constants are simulated and their performances are compared. shape of insulating trenches in Sec. IV. Efforts are devoted in Sec. V to discussions of the origin of the enhancement of rectified current in the terahertz regime. Finally, the conclusions of the work are summarized in Sec. VI.
II. MONTE CARLO MODEL
Figures 1͑a͒ and 1͑b͒ show schematically the top view and cross section of the SSD. The device is based on an In 0.53 Ga 0.47 As/ In 0.53 Al 0.47 As heterostructure, where a twodimension electron gas ͑2DEG͒ with a carrier concentration of 1.0ϫ 10 12 cm −2 is formed at the InGaAs-InAlAs interface. The two L-shaped insulating grooves are created by, e.g., chemical etching, through the 2DEG layer, which ensures that the electrons have to pass the narrow channel between the two grooves in order to conduct a current between the left and right terminals. When a negative voltage is applied to the right terminal, the induced negative charges around the trenches deplete the channel, making it difficult for a current to flow. However, when a positive voltage is applied to the right terminal, the induced positive charges around the trenches attract electrons into the channel for the current to flow easily. This leads to diodelike characteristics, as demonstrated in Ref. 10 .
A SSD is expected to operate at very high frequencies. This is due to the planar architecture of the devices, which means that the electrical contacts are laterally separated rather than placed in parallel on top of each other on the top surface and the back side ͑substrate͒. This leads to a substantially lower parasitic capacitance between contacts than in a conventional vertical device of the same size. Furthermore, the working mechanism does not rely on minority carrier diffusion, and no barrier structure is used along the current direction. Without being affected by the above factors that normally limit the speed of conventional semiconductor diodes, the SSD is expected to have a high speed. Indeed, operations of the device up to 110 GHz have been observed in experiments 15 and speeds up to a few terahertz have been envisaged in Monte Carlo simulations. 14, 16 A semiclassical EMC method self-consistently coupled with the Poisson equation is used in this work. 17 For an exact modeling of the devices, three-dimensional ͑3D͒ simulations would be necessary in order to take into account the effect of the lateral surface charges and the real topology of the structures. However, this is time consuming and also for most cases the 2D model suffices. 16 Hence, some theoretical treatments are made to enhance the efficiency of the EMC simulations, which are similar to the methodology previously adopted on SSDs. 16, 18 Firstly, a 2D EMC simulation is performed only on the active In 0.53 Ga 0.47 As layer, since it is the 2DEG that largely determines the electronic properties of the device. Secondly, to account for the fixed positive charges of the whole layer structure, a virtual net background doping N V = 1.0ϫ 10 17 cm −3 ͑without impurity scattering͒ is assigned to the In 0.53 Ga 0.47 As layer. As such, the electron transport through the undoped In 0.53 Ga 0.47 As layer is well described. Finally, in order to include the influence of surface states at semiconductor-air interfaces originated from the chemical etching process during the device fabrication, a uniform negative charge density, N S = 0.2ϫ 10 12 cm −2 , is added at the edge of the insulating trenches during the simulations. Our model has been verified by means of simulating a few real device structures that have been fabricated from either an In 0.53 Ga 0.47 As/ In 0.53 Al 0.47 As or an In 0.53 Ga 0.47 As/ InP devices, and a good agreement was obtained between the simulated and measured I-V characteristics.
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III. INFLUENCE OF THE DIELECTRIC CONSTANT
In this section, efforts are devoted to a study of the effect of filling the insulating trenches with dielectrics on the steady-state and high-frequency performance of the SSD. It is very feasible to fill the trenches with materials with a higher dielectric constant experimentally by means of, for instance, simple spin coating or sputtering coating. As shown in Fig. 1͑a͒ , the L-shaped trench can be divided into two parts. The one defining the nanochannel will be referred to as horizontal trench and the other as vertical trench. The vertical trenches are only on the left end of the nanochannel, which break the geometric symmetry. Simulation results of the steady-state I-V characteristics are plotted in Fig. 2 , which shows that the nonlinearity of the device is sensitive to the dielectric constant of the material in the horizontal trenches, v , but insensitive to that in the vertical trenches, h . This is understandable since the self-switching effect is based mainly on the coupling of the transverse electric field to the nanochannel, which is generated across the horizontal trenches by the applied bias. By filling the horizontal trenches with materials with a higher dielectric constant, the curvature of the I-V characteristics is enhanced. A greater curvature leads to a higher rectified dc current to be generated when a low-frequency ac voltage is applied. 19 It is interesting to note that the current does not increase with h linearly. This reflects the rather complex effect of the applied potential to the opening and closing of the nanochannel. Apart from the direct field coupling across the horizontal trenches, which scales linearly with h , there is also a 3D coupling via the substrate as well as via the top In 0.53 Al 0.47 As layer and air, which is not affected by a change in h .
At very high frequencies, the parasitic capacitance of the device has to be taken into account, and a nontrivial behavior is expected in the planar nanodevice, which is structurally very different from a conventional, vertical, multilayered diode. To examine this, a sinusoidal signal with an amplitude of 0.25 V is applied to the right terminal while the left terminal is grounded. The rectified current is then calculated at frequencies from 100 GHz to several terahertz. Figure 3 shows the frequency response of the SSDs with different dielectric materials in the trenches. Below 500 GHz, the simulation results show a slow reduction of the rectified current as the frequency increases, as expected from the RC response of the device. The higher output rectified current in devices with higher dielectric constant materials in the horizontal trenches is due to the resulted stronger transverse electric-field coupling which enables more efficient opening and closing of the nanochannel. Beyond 500 GHz, however, as shown in Fig. 3 , there are some nontrivial features in the frequency dependence that cannot be expected from the dc I-V characteristics. Firstly, the frequency dependence of the output is sensitive to the dielectric constant of the vertical trenches, but insensitive to that of the horizontal ones. This indicates that, ideally, the vertical trenches should be filled with a lower dielectric constant material or be made as wide as possible in order to reduce the parasitic capacitive coupling between the left and right contacts. Secondly, the frequency response differs significantly from an expected monotonous decay due to a RC time constant, and a seemingly resonant peak is observed just below 2 THz in devices with unfilled vertical trenches. The peak frequency is just below the cutoff frequency, which implies that one or more physical effects, which are negligible under low-frequency conditions, have become significant in the terahertz frequency regime. Here, the cutoff frequency is defined as the lowest frequency at which the rectified current becomes zero. Thirdly, the device output is found to be nonzero at frequencies higher than cutoff frequency, but the sign is reversed to what is predicted from the dc I-V characteristics. A similar "peak" in the frequency response was also observed in previous simulation works of the SSD, 16, 18 although the mechanism was not fully studied. Such effect may be of interest for applications, since if it is understood and enhanced by modifying the device design, the SSD will not only produce a higher output signal at terahertz frequencies but will also offer a useful degree of frequency selectivity in detection and mixing applications.
To investigate this effect further, time-dependent simulations are carried out under terahertz cyclostationary conditions. Figure 3 already shows that the frequency response of the device is mostly affected by the properties of vertical trenches. It is also known that if the SSD is biased, the trench sidewalls will be charged either positively or negatively, which results in the electrostatic opening or closing of the nanochannel. 11, 14 Hence, attentions are paid to the timedependent charging and discharging of the region close to the vertical trenches. In order to highlight the difference from the dc condition, the total charge changes obtained under terahertz cyclostationary conditions are normalized by using the following equation:
where f is the frequency of the applied ac signal of a magnitude of 0.25 V ͑f = 0 corresponding to the dc condition͒, t is the time, and Q is the total charge within 60 nm away from the right sidewall of the vertical trenches indicated as the charging area in Fig. 1 . The subscript of Q represents the applied voltage in volts. If ⌬Q Ͼ 1, the trench sidewall region is more positively charged ͑after taking into account the background doping͒ than at a dc bias of 0.25 V. This "enhanced charging" is expected to enhance the conduction of the nanochannel due to the transverse electric field, which results in a higher current than at a dc bias of 0.25 V. If we simply assume that the conductivity of the nanochannel is proportional to ⌬Q͑t , f͒ when ⌬Q͑t , f͒ Ͼ 0 and zero when ⌬Q͑t , f͒ Յ 0, the rectification current can be obtained as
where A is a constant coefficient and V is the potential dropped on the nanochannel. Figure 4 shows the calculated time dependence of ⌬Q͑t , f͒ and V͑t , f͒ at different frequencies below and above   FIG. 3 . High-frequency response of the SSDs when a sinusoidal signal with an amplitude of 0.25 V is applied on the right terminal. It shows that vertical trenches filled with a lower dielectric constant material result in a better frequency performance, whereas horizontal trenches filled with a high dielectric material increase the rectified current of the SSD.
the peak frequency ͑ϳ2 THz͒ of the device in which all the trenches are not filled with any dielectric material. According to these MC simulation results, ⌬Q͑t , f͒ and V͑t , f͒ have simple expressions as
͑4͒
where ⌬Q 0 Ј= 1 2 ͓Q 0.25 ͑f =0͒ − Q −0.25 ͑f =0͔͒, m is the overcharging factor, n is used to include the RC circuit effect, ⌬ and ⌬ are the phase shifts from the ac signal, and V 0 is the amplitude of ac signal. We set n = 1 for all frequencies, which is not only convenient for discussion but also has no influence on the conclusions obtained below qualitatively. By substituting Eqs. ͑3͒ and ͑4͒ into Eq. ͑2͒, one obtains
As we can seen from Fig. 4 , at frequencies far below that of peak frequency, such as 0.1 THz, the change of the charges and potential dropped on the nanochannel are almost in phase with the applied ac signal ͑⌬ = ⌬ =0͒, and there is no obvious enhanced charging or enhanced discharging ͑m =1͒. According to Eq. ͑5͒, in such case, the rectification is not enhanced ͓I R ͑0.1 THz͒ϷI R ͑f =0͔͒. However, as the frequency gets closer to that of peak frequency, enhanced charging and enhanced discharging emerge and their magnitude enhances ͑m Ͼ 1͒. In the mean time, the phase shift of ⌬Q and V with respect to the applied ac signal also increases. When the frequency reaches 1.8 THz, where the rectified current peak occurs, the phase shift is about 80°for ⌬Q and 25°for V. Moreover, ⌬Q can be twice of that at dc or low frequencies ͑m =2͒. According to Eq. ͑5͒, one knows that the rectification current is enhanced ͓I R ͑1.8 THz͒ Ͼ I R ͑f =0͔͒ because of the overcharging of vertical trenches. Being in phase of ⌬Q and V means the nanochannel is opened when the applied voltage on the nanochannel is positive and vice versa if the applied voltage is negative. So the phase shift between ⌬Q and V will result in the reduction of rectified current. For an extreme example, if the phase shift between ⌬Q and V reaches / 2, the nanochannel will be opened only at the second and the third 1/4-period of the potential dropped on the nanochannel. For the signs of the potential dropped on the nanochannel during the second and the third 1/4-periods are opposite, the rectified current should be zero. This is what predicted by Eq. ͑5͒ and also obtained in the MC simulation when the frequency of the applied ac signal is about 2.0 THz. As the frequency further increases, the enhanced charging and enhanced discharging decrease. More importantly, further phase shifts between ⌬Q and V arise at frequency higher than the peak frequency. Such as at 2.5 THz, ⌬Q has a nearly phase shift with respect to the potential dropped on the nanochannel. In this case, according to Eq. ͑5͒, the rectified current should have an opposite sign to what is predicted from steady-state characteristics.
IV. INFLUENCE OF THE SHAPE OF THE INSULATING TRENCHES
In this section, the high-frequency properties are further studied by changes and optimization of the geometric shape of insulating trenches. In Fig. 5͑a͒ , three additional insulating trenches ͑B, C, and D͒ may be added next to the original vertical trenches ͑A͒ to make them wider. As such, four devices can be constructed for comparison as follows: the first device is the original device with trench A only; the second device with trenches A and B; the third device with trenches A, B, and C; and the fourth device with all vertical trenches A, B, C, and D. Trenches B, C, and D are shorter than A, in order to preserve the length of the nanochannel for an easier comparison.
It is worth noting that the dc output of the SSD in the terahertz frequency regime can be even higher than that at low frequencies due to the peak in Fig. 3 , and thus timedependent simulation results are normalized against the zero frequency rectified output current calculated from the I-V characteristics. In Fig. 6 , while all rectified current peaks of the four devices occur at a frequency of about 1.7 THz, the amplitude of the peak is obviously enhanced when additional trenches are added. When all trenches are present, the peak value of the rectified current can reach twice that at zero frequency, which is very significant.
The above rectification current increase around the peak frequency is firstly investigated by examining the changing of electron density in the vicinity of vertical trenches. As shown in Fig. 7͑a͒ , the variations of electron density in the four SSDs with different vertical trenches are nearly the same. Meanwhile steady-state simulations show that the nonlinearities of the four devices have little difference ͑not shown here͒. This is expected and it also echoes the earlier observation that filling the vertical trenches with different dielectric materials has little influence of the dc I-V characteristics, as shown in Fig. 2 . As such, the enhancement of the rectified current peak is also studied by examining the voltage drop over the nanochannel in the time domain. The simulation results shown in Fig. 7͑b͒ confirm that the shape of vertical trenches actually influences the phase of voltage dropping on the nanochannel. The normalized potential in Fig. 7͑b͒ is calculated using the following equation:
where V is the potential drop along the nanochannel and the subscript of V represents the value of the applied voltage in volts. As shown in Fig. 5͑a͒ , although the geometry of the SSD is simple, the equivalent circuit is quite complex because current has many possible paths to flow through the device. Note that the negative surface states at the semiconductor-insulator interface can significantly increase the resistance in their neighboring areas. The easiest ways for current to flow through the device can be identified and indicated in Fig. 5͑a͒ using red arrows. As such a much simplified equivalent circuit is shown in Fig. 5͑b͒ , which nevertheless will help us understand the phase shift of the voltage dropping on the nanochannel. In Fig. 5͑b͒ , R l and R r are the resistances of the left and the right terminals, respectively. C V is the capacitance of the vertical trenches; C h is the capacitance of the horizontal trenches in the x direction and C c is the capacitance of the insulating corner. R a is an additional resistance and increases as additional vertical trenches are added. When R a increases, the phase angle of the voltage on the C h will also increase as opposite to the phase angle of the current. Since the voltage dropping on the nanochannel is determined by the voltage of C h , a larger phase shift of voltage applied on the nanochannel with respect to external ac signal can be expected. By comparing Figs. 7͑a͒ and 7͑b͒ , it can be found that the phase shift between electron density variation in the vicinity of the vertical trenches and the voltage drop on the nanochannel ͑excluding the voltage drops in the contact regions͒ reduces from about 55°to 25°. According to Eq. ͑5͒, in such case, I R ͑1.8 THz͒Ϸ1.8I R ͑f =0͒.
V. LOCALIZED PLASMA OSCILLATION IN THE SSD
The previous discussions have suggested that the enhancement of rectified current in the terahertz frequency regime may come from the enhanced charging and enhanced discharging of vertical trenches under cyclostationary conditions. The simulation results in Fig. 4 indicate that both the amplitude and the phase of such charging and discharging are frequency dependent, and that the strongest charging and discharging are observed when there is a ϳ / 2 phase shift with respect to the external ac signal. This seems to indicate a possibility of a local resonant frequency within the SSD structure.
To study possible resonances in the SSD structure, we note that an electron gas is capable of undergoing plasma oscillations, which are typically in the terahertz frequency range. Those oscillations are due to both the inertia of the electrons and their repulsive Coulomb interactions and can be studied by using the EMC method. 20 To investigate the presence of plasma oscillation in the SSD, a step voltage is applied to excite possible plasma modes and study the transient behavior of the device. During such simulations, we monitor the variations of the potential close to the right edge of vertical trenches before and after the external applied voltage has a step change from −0.25 to 0.25 V at time t = 0 ps. As shown in Fig. 8 , an oscillation with a frequency of about 1.8 THz has been excited to persist for a few periods before damping to the noise level. By comparing Figs. 8 and 3 , one finds the consistence of the frequency of the observed oscillation with that of the rectified current peak, which suggests the origination of rectified current peak being the resonance between the local plasma oscillation and the external ac signal.
There can be a few different types of possible plasma oscillations. The classical frequency of bulk plasma oscillation, also known as Langmuir frequency, is defined by
where n e , e, and m ‫ء‬ are the electron density, charge, and effective mass, respectively. 0 is the permittivity of vacuum and r is the relative permittivity of host material. 21 It has been shown by Tsang et al. 22 that Eq. ͑7͒ can be used to predict the frequency of the maximal rectified current of a Schottky rectifier. In the case of SSDs n e =10 23 m −3 , m ‫ء‬ = 0.045 times the free electron mass, and r = 11.35, resulting in f p Ϸ 3.26 THz, which is obviously much higher than the resonance frequency in Figs. 4 and 8 , which is not surprising because the SSD is based on a thin, 2DEG, rather than a truly 3D electron system. There are a few possible mechanisms that could affect the plasma frequency, 21 which we will examine before ruling them out. Under the so-called thermal bounded condition in FETs or in metal-insulator-metal ͑MIM͒ structures, the discontinued distribution of electron velocity may lead to microinstability of plasma with a maximum frequency at about f p / 3. 7, 23, 24 Furthermore, Dyakonov-Shur theory indicates that the frequency of plasma oscillation in FETs is inversely proportional to the channel length L for a gated 2DEG layer and to ͱ L for an ungated one. 7, 25 Moreover, the insulator could have significant influence on the frequency of the plasma oscillation in MIM structures. 24 To examine the above possibilities, further EMC simulations are performed and show that although the electron density on the semiconductor-insulator interface is discontinued, the electron velocity distribution is still continued and obeys the Maxwell distribution. This rules out the existence of microinstability in the SSD. We also perform simulations on SSDs with different channel lengths and different distances between the left and right electron reservoirs ͑Ohmic contacts͒. The results in Fig. 8 only show a very weak dependence on the channel length and device size, suggesting that even if Dyakonov-Shur-like oscillations may present, they are not the dominant effect. Moreover, the variation of the electron density is found to exist only within tens of nanometers away from the vertical trenches. These observations strongly suggest that the oscillation in the SSD in Fig.  8 is not due to bulk plasma oscillations.
Having ruled out the bulk plasma oscillations, we now examine the possibility of the so-called LSP oscillation as observed in MIM structures. 24 There are three dispersive modes and one nondispersive mode in LSPs in MIM structures. The highest dispersive mode appears at frequencies higher than f p , hence too high for the oscillation in Fig. 8 . For the middle and the lowest dispersive modes, we note that the critical length of the SSD is about 1 m, which is much smaller than the Langmuir wavelength p = c / 2f p Ϸ 13.3 m, where c is the speed of light in vacuum. As such, the dispersion relation of LSP has a simple form, 
where f LSP and are the frequency and wavelength of plasma oscillation, respectively, and d and are the width and dielectric constant of the insulator, respectively. From Sec. IV, however, the resonance frequency is virtually independent of the width of the vertical trenches, which is in disagreement with Eq. ͑8͒. Hence, the dispersive mode LSP oscillations can be ruled out, and the remaining possibility is the nondispersive LSP oscillations, the frequency of which is determined by 
͑9͒
To verify this, the frequency of the LSP oscillation versus the dielectric constant of the material in the vertical trenches v is calculated and shown in Fig. 9 ͑solid line͒ along with those obtained by EMC simulations ͑cross points͒. There is a good agreement in the overall trend. The slight higher frequencies might be due to the finite depletion region close to the sidewall of the vertical trenches, where the dielectric constant is higher ͑11.35͒. The good agreement strongly suggests that the physical mechanism behind the resonance in the SSD structure is indeed the nondispersive mode LSP oscillations. The finding that the nondispersive LSP oscillations can not only significantly enhance the device performance at terahertz frequencies but also provide a certain degree of frequency selectivity in terahertz detection is interesting and may have important implications. Although it is outside the scope of the current work, possible resonant structures may be designed as an integral part of terahertz detectors in order to further enhance the effect and sharpen the resonant peak in the terahertz region. In the case of the SSD, for instance, it is possible to fabricate an array of devices with different dielectric materials in the trenches to achieve selective detection at different predefined frequencies. It is also worth noting that the enhancement of the device output may occur even when the frequency is close to the RC limited cutoff frequency, where the device performance would have been severely dropped if there were no LSP oscillations. The effect may hence be exploited to effectively extend the operational frequency range of other appropriate terahertz devices.
VI. CONCLUSION
A 2D EMC simulation has been carried out to study the high-frequency properties of an asymmetric planar nanodevice. We find that vertical trenches with a low dielectric constant result in a better high-frequency performance, whereas the horizontal trenches filled with high-k materials lead to an increase of the rectified current. A pronounced resonant peak is observed in the frequency response of the devices, which is explained in terms of the nondispersive LSP oscillations. Such a property may enable not only higher detection sensitivity but also a degree of frequency selectivity, which may have useful implications in terahertz devices. 
ACKNOWLEDGMENTS
